Metabolic syndrome has been widely associated with an increased risk for acute cardiovascular events. Emerging evidence supports metabolic syndrome as a condition favoring an adverse cardiac remodeling, which might evolve towards heart dysfunction and failure. is pathological remodeling has been described to result from the cardiac adaptive response to clinical mechanical conditions (such as hypertension, dyslipidemia, and hyperglycemia), soluble in�ammatory molecules (such as cytokines and chemokines), as well as hormones (such as insulin), characterizing the pathophysiology of metabolic syndrome. Moreover, these cardiac processes (resulting in cardiac hypertrophy and �brosis) are also associated with the modulation of intracellular signalling pathways within cardiomyocytes. Amongst the different intracellular kinases, mitogen-activated protein kinases (MAPKs) were shown to be involved in heart damage in metabolic syndrome. However, their role remains controversial. In this paper, we will discuss and update evidence on MAPK-mediated mechanisms underlying cardiac adverse remodeling associated with metabolic syndrome.
Introduction
e prevalence of metabolic syndrome is rapidly increasing in the western world [1] . Metabolic syndrome has been de�ned as a cluster of multiple disorders including insulin resistance, abdominal obesity, dyslipidemia, increased blood pressure, hypercholesterolemia, and proin�ammatory state [2] . Several de�nitions have been historically proposed during the last decades, also including oxidative stress, leptin resistances and endothelial dysfunction as key pathophysiological mechanisms contributing to the increase of cardiovascular risk that affect metabolic syndrome patients [2, 3] . Considering these paradigms, it is clear that the metabolic syndrome is a fully heterogeneous construction, raising important scienti�c limitations for meta-analyses of clinical investigations. Although some common components (such as dyslipidemia, hypertension, and hyperglycemia) are recurrent in the different de�ni-tions [4] , these other disorders might represent an important variable in the analysis of different cohorts. Several conditions included in the metabolic syndrome have been shown as strongly associated with an acceleration of atherogenesis and an increased incidence of acute ischemic events [1] . In addition, some processes (mainly systemic insulin resistance and in�ammation) have been proposed to contribute to physiological organ remodelling and pathological damage in metabolic syndrome. In particular, different chronic adverse heart remodeling and the development of liver steatosis have been widely described [5, 6] . In this paper, we will focus on the pathophysiology of heart remodelling and damage during metabolic syndrome. Metabolism syndrome patients affected by diabetes are associated with altered myocardial substrate metabolism, which has emerged as an important contributor to the development of cardiomyopathy [7] . In diabetes and concomitant metabolic syndrome, an increased cardiac fatty acid metabolism and reduced glucose metabolism have been reported [7] . Although initially pro�table, the rate of fatty acid uptake reaches a point where it exceeds the rate of fatty acid oxidation, thereby promoting the accumulation of lipids, resulting in lipotoxicity and associated cardiac dysfunction [8] . is leads to some complications, such as cardiac hypertrophy, which is identi�ed as a cardiac pathological remodeling. However, cardiac remodeling does not necessarily refer to pathological adaptation of the myocardium. Indeed, short-term compensatory mechanisms are bene�cial for the heart because it adapts cardiac output to physiological or pathological loading conditions such as exercise, hypertension, or aortic stenosis. In contrast, sustained overload leads to maladaptive and detrimental remodeling, as reported in detail by Buckberg and coworkers [9] . Altogether, these studies suggest that cardiac remodeling in metabolic syndrome depends on the different component disorders and might not be a disease per se but rather an adaptive response.
Several intracellular signaling pathways, continuously sensing the extracellular stimuli and modulating the different intracellular responses, have been investigated to characterize their role in cardiomyocyte modi�cations and potential injury associated with metabolic syndrome. Mitogenactivated protein kinases (MAPKs) are cytosolic signaling proteins that become activated aer speci�c phosphorylation [10] . In response to wide extracellular stimuli, MAPKs have been shown to modulate various cellular processes, such as cell growth and cell size regulation [11] . Although not speci�cally performed in models of metabolic syndrome, in vitro studies using isolated cardiomyocytes have shown that MAPKs might be involved in cardiac hypertrophy via three traditional phases� (i) the activation of speci�c transmembrane proteins; (ii) intracellular signal transduction; (iii) the activation of cytosolic and nuclear events [12] . Since cardiac hypertrophy is characterized by increased cell size, it has been suggested that MAPKs might play a critical role in cardiac remodeling in hypertensive patients with metabolic syndrome. is appears to be achieved by modulating the activity of numerous transcription factors that target speci�c genes involved in structural response of the myocardium. In this paper, we will provide an overview on the role of MAPKs in the adverse cardiac remodeling that is associated with metabolic syndrome.
Different Structural Adverse Cardiac Remodeling in Metabolic Syndrome
Diagnostic criteria of metabolic syndrome (as indicated by ATP III classi�cation [24] ) have been reported to independently predict the development of diastolic dysfunction and cardiac hypertrophy [13, 19, 20] (Table 1) . Cardiac hypertrophy is commonly de�ned as an increase in heart size or more particularly as an increase in ventricular size with or without increased wall thickness relative to body size [25] . is cardiac modi�cation was shown to be a common alteration in subjects with different stages of obesity, which is one of the central features in metabolic syndrome [15, 16, [26] [27] [28] . ese studies have used noninvasive methods such as echocardiography and magnetic resonance imaging (MRI) to assess cardiac adaptations in obese patients. e results indicate that obesity is associated with a high prevalence of cardiac hypertrophy, characterized by an enhancement of le ventricular cavity size as well as wall thickness. Moreover, it has been observed that wall thickness was increased to greater extent than le ventricular cavity size, revealing a concentric instead of eccentric cardiac hypertrophy. Indeed, computed tomography and MRI demonstrated that fat tissue deposits are well detectable within the heart of obese subjects and commonly accumulate anterior to the right ventricle [29] [30] [31] . Although noninvasive methods are useful to characterize cardiac size, structure, and function, they have limitations; in that they do not allow analyzing the biochemical composition of the hypertrophic heart in metabolic syndrome. Interestingly, postmortem studies con�rmed the presence of cardiac hypertrophy and cardiac fat tissue deposits in obese patients [17, 18] . e amount of epicardial fat has been reported to be correlated with both visceral fat and the severity of ventricular hypertrophy [14] . Several studies have been conducted in animal models to better understand the cardiac adaptation in diabetes [32, 33] . Diabetes was associated with an increase in le ventricular internal dimension during diastole (LVIDD) and systole (LVIDS) in rats [34] . is adverse cardiac remodeling was independent of hypertension [34] . ese results are consistent with a previous study, demonstrating that diabetic rats develop an eccentric le ventricular hypertrophy associated with a decreased cardiac systolic function, and related to impaired collagen turnover [35] . e Prospective Cardiovascular Münster (PROCAM) study, recruiting a cohort of 2754 males aged 40-65 years over a four-year period, showed that patients, who had either hypertension or diabetes, had a 2.5-fold increased risk of cardiovascular morbidity. However, when developing both, patients had an eightfold increase in cardiovascular risk. is multiplicative relevance was con�rmed by a twentyfold increase of cardiovascular risk in patients with concomitant diabetes mellitus, hypertension, and abnormal lipid pro�le [36] . Since the metabolic syndrome might include all these disorders by de�nition, it is easy to understand that the alterations of an atherosclerotic targeted organ, such as the myocardium, might result from both acute and chronic ischemia. However, also in the absence of traditional atherosclerotic complications, the measurement of diastolic function worsened progressively during metabolic syndrome [13] , indicating an adverse cardiac remodeling independent of cardiac necrosis and potentially related to the soluble mediators increased during the disease. In line with these results, different studies have con�rmed the development of le ventricular diastolic dysfunction in subjects presenting metabolic syndrome [20, 21, 37, 38] .
Interestingly, hypertensive patients with concomitant metabolic syndrome have been shown to present increased Reduced le ventricle systolic and diastolic function and increased myocardial re�ectivity characterize obese patients as compared to referents [15] Transthoracic echocardiography, myocardial Doppler-derived systolic and early diastolic velocity, strain and strain rate imaging, and tissue characterization with cyclic variation and calibrated integrated backscatter Diabetes, fasting glucose, and fasting insulin levels are associated with le ventricular hypertrophy [16] Echocardiography and laboratory testing Diabetes Increased heart size in obese men [17] Autopsy Postmortem analysis of obese patients that died from gastric bypass complication revealed cardiac hypertrophy [18] Autopsy Hypertension Le ventricle mass is positively associated with the number of metabolic risk factors in normotensive and hypertensive participants [ 
19] Echocardiography
Increased le ventricular mass and reduce le ventricular relaxation [20] Echocardiography was used to assess pulse-wave Doppler and tissue Doppler imaging Metabolic syndrome (de�ned as a cluster of all previously cited disorders [2] ) Ventricular diastolic dysfunction, mean le ventricular mass, and le ventricular diameter signi�cantly increase with the number of features of the metabolic syndrome [21] Structured clinical interview with a physician, ECG and a transthoracic M-mode, and 2D echocardiogram High levels of IL-6 that could be observed in metabolic syndrome induce cardiac �brosis [22] Blood-perfused isolated heart Cardiotrophin-1 treatment, mimicking the upregulated level found in metabolic syndrome, induces cardiac �brosis [23] Echocardiography, Doppler, and echo tracking device and ex vivo approach le ventricular mass and wall thickness as compared to patients exclusively affected by hypertension [39] . Furthermore, the authors showed that metabolic syndrome might induce an adverse cardiac remodeling via different pathophysiological mechanisms with a multiplicative effect. Metabolic syndrome patients had not only abnormal diastolic le ventricular relaxation, but also increased cardiac hypertrophy [40] . Cardiac hypertrophy predisposes individuals to cardiac arrhythmias, congestive heart failure, and diastolic dysfunction [41] . Consistently, several evidences have revealed a positive association between the metabolic syndrome and the severity of le ventricular hypertrophy [39, 40, 42] . Indeed, metabolic syndrome induces abnormal loading, which may favor the le ventricular hypertrophy.
Since pathological cardiac hypertrophy has been associated with sudden cardiac death, heart failure, and stroke [43] , it was proposed that this cardiac alteration might further increase cardiovascular risk in metabolic syndrome [44] . Increased myocardial �brosis and stiffness have been also observed in animal models of obesity and metabolic syndrome [45] . Since collagen and �brosis determine tissue compliance, cardiac deposition of this protein might promote le ventricular diastolic dysfunction and negatively affect diastolic function [46, 47] . Several other molecular mechanisms (i.e., insulin resistance aggravating asymptomatic myocardial in�ammation and association between visceral obesity and myocardial adiposity) have also been suggested to potentially induce such cardiac structural alterations [48, 49] .
Most importantly, the renin-angiotensin-aldosterone (RAA) system might also be involved cardiac �broblast proliferation and collagen synthesis, thereby increasing cardiac �brosis [50] . e active role for RAA system was con�rmed by the �nding that pharmacologic inhibition of this pathway ameliorates heart failure [51, 52] , also in metabolic syndrome patients [53] . us, these studies suggest that RAA system could be a critical player underlying cardiac modi�cations in hypertensive metabolic syndrome patients.
Pathophysiological Mediators of Adverse Cardiac Remodeling in Metabolic Syndrome
Cardiac structural remodeling in metabolic syndrome might be due to different pathological triggers. Hypertrophic growth accompanies heterogeneous metabolic syndrome disorders, including not only diabetes and hypertension, but also coronary heart disease and ischemic cardiac remodeling. Mechanical alterations have been classically described as major causes inducing an adverse cardiac remodelling [54] . However, metabolic syndrome has been associated with le ventricular hypertrophy [40] independently of ischemic cardiac remodeling. Given the upregulation of several hormones and cytokines in metabolic syndrome patients [55] , a potential role on cardiac remodeling has been proposed for these molecules [56] . In particular, a hormonal and in�ammatory dysregulation might contribute to the development of cardiac hypertrophy and �brosis [55] . For instance, increased aldosterone plasma levels in patients with metabolic syndrome [57, 58] might be directly associated with the development of le ventricular hypertrophy [59] or cardiac �brosis [60] . Although clinical studies have reported that aldosterone induces le ventricular hypertrophy [61] , the mechanism by which aldosterone promotes cardiac hypertrophy remains unclear. Okoshi and coworkers showed that aldosterone directly induced cardiac hypertrophy and atrial natriuretic peptide (ANP) mRNA expression (a molecular marker of cardiac hypertrophy) in neonatal rat ventricular myocytes [62] . ese results were accompanied by enhanced activation of ERK1/2-and JNK-mediated pathways. is critical role of the ERK pathway in the development of cardiac hypertrophy (in response to endothelin-1) was also con�rmed by the in vitro abrogation of cardiomyocyte hypertrophy in the presence of the pharmacological inhibitor of ERKs [63, 64] . On the other hand, aldosterone has been shown as a potent inducer of cardiac �brosis [60, 65, 66] . erefore, emerging evidence indicates a crucial role for aldosterone in maladaptive cardiac remodeling in metabolic syndrome [67, 68] .
Considering the hypothesized in�ammatory etiology of the metabolic syndrome [69] , it was proposed that elevated circulating levels of cytokines, adipocytokines, and chemokines might actively regulate cardiac remodeling and via the activation of in�ammatory signaling pathways [70] [71] [72] . Amongst several mediators, tumor necrosis factor (TNF) and interleukin-6 (IL-6) were shown to promote both insulin resistance [73] and cardiac hypertrophy [74] , suggesting that in�ammation in metabolic syndrome might be a central feature in atherogenesis as well as in cardiac hypertrophy. In particular, TNF expression, which was shown to be increased in response to pressure overload in the adult heart [75] , might be one of the most important mediators of cardiac hypertrophy in metabolic syndrome with hypertension [76] . e molecular pathways potentially involved in metabolic syndrome-induced cardiac hypertrophy have been only partially investigated. To summarize, mechanical stress remains the main responsible of adverse cardiac remodelling in metabolic syndrome, such as hypertension. However, considering the potential dysregulation of in�ammatory and hormonal systems, the cardiac pathophysiology in metabolic syndrome might be partially in�uenced also by these soluble molecules. In the following sections, we will review the pathophysiological role of MAPKs in cardiac remodeling in a general context and also particularly in metabolic syndrome.
Role of MAPK in Cardiac Remodeling

Extracellular Signal Regulated Kinases (ERKs).
One of the most studied MAPK pathways is the Ras/Raf/ERKs pathway. Extracellular stimuli such as stress or hormones activate diverse receptors at the cell surface, driving intracellular recruitment and activation of the guanosine triphosphate (GTP) small G-protein (Ras). is, in turn, induces Raf-1 kinase translocation to the plasma membrane and Raf-1-mediated phosphorylation of MEK proteins (MEK1 and 2). ereaer, ERKs are activated by MEKs and regulate a large number of nuclear and cytosolic proteins [77] that directly modulate numerous intracellular processes.
For instance, pressure overload was shown to in�uence ERK-mediated intracellular signaling as well as extracellular matrix deposition within the heart [78] . In response to chronic pressure overload, cardiomyocytes start to grow leading to heart enlargement and hypertrophy. Pressure overload induced by transverse aortic constriction (TAC) in rodents was shown to mediate hypertrophic effect through ERK activation [79] . In addition, Esposito and coworkers showed that TAC procedure is associated with the activation of all three major MAPKs (ERK1/2, p38 MAPK, and JNK) in mice [80] . Consistent with the animal studies, clinical researches reported increased cardiac activation of ERK1/2, JNK, and p38 MAPK in failing human hypertrophic hearts [81] . In line with these results, ERK1/2 activation has been shown as a key element directly promoting cardiac hypertrophy [26, 82] .
It was proposed that ERK1/2 induces the activation of various transcription factors by modulating their phosphorylation level, hence leading to hypertrophy. Indeed, using a model of phenylephrine-induced cardiac myocyte hypertrophy, Babu and coworkers revealed that ERK1/2 pathway is involved in Elk-1 upregulation in a model of phenylephrinemediated hypertrophy [83] . erefore, these studies suggest a central role for ERK in the pathophysiological development of cardiac hypertrophy. e molecular mechanisms downstream of this pathway remains to be clearly de�ned.
Janus Kinases (JNKs). e hypertrophic effects of JNKs are still controversial. Wang and coworkers showed that
Mediators of In�ammation 5 speci�c activation of the JNK pathway was associated with hypertrophy in neonatal cardiomyocytes overexpressing MEK7 [84] . In line with these results, transfection of ventricular myocytes with MEK1 (a MAPK-activating JNK) leads to cardiac hypertrophy via JNK activation [85] . By contrast, transgenic mice selectively overexpressing MEK7 in the cardiac tissue were not shown to develop cardiac hypertrophy despite JNK1 and JNK2 upregulation [86] . Although these mice died from congestive heart failure, they had normal cardiomyocytes size and they did not develop ventricular hypertrophy. Importantly, mice overexpressing MEK7 also presented diastolic dysfunction and paradoxically high levels of ANF mRNA, which is considered a marker for cardiac hypertrophy [86] . e reduction in connexin 43 and gap junctions between ventricular cardiomyocytes might explain the absence of hypertrophy in the presence of increased ANF expression [86] . Also in the case of JNK, the exact mechanisms through which it regulates cardiac hypertrophy remains poorly determined.
p38 MAPK.
In addition to JNK and ERK1/2, p38 MAPK was also intensively investigated. ere are at least four isoforms of p38 MAPK that have been involved in cardiac remodeling and in�ammation [87] . is signaling pathway is predominantly involved in the in�ammatory response, and it can be activated by proin�ammatory cytokines, chemokines, and hormones [88] [89] [90] . MEK 3, 4, and MEK 6 are the upstream kinases that directly activate p38MAPK [82] . Several downstream transcription factors have been identi�ed as potential p38MAPK substrates, including activating transcription factor-1 (ATF-1), ATF-2, Elk-1, serum response factor (SRF), growth arrest, and myocyte enhance factor 2C (MEF 2C) [91] [92] [93] . Since a large amount of studies has been performed in vitro in neonatal rat cardiomyocytes, the role of p38 MAPK in cardiac clinical modi�cations remains to be con�rmed. Nevertheless, p38 MAPK has been implicated in the regulation of both cardiac growth and hypertrophy [94] . Indeed, the inhibition of the p38 MAPK pathway via pharmacological inhibitors or adenovirus blunted the hypertrophic effect associated with p38 MAPK activation [94] [95] [96] . ese hypertrophic effects of p38 MAPK phosphorylation in cardiomyocytes are also supported by another study where speci�c activation via adenovirus in ventricular muscle cells induced cardiac hypertrophy [84] .
By contrast, Choukroun and coworkers have shown that p38 MAPK is not required for agonist-induced hypertrophy in cardiomyocytes [98] . To determine the role of the p38 MAPK pathway in the response to endothelin-1 (ET-1, a hypertrophic agent), neonatal rat cardiomyocytes were concomitantly treated with ET-1 and the selective p38 MAPK inhibitor, SB203580. e results revealed that this inhibitor had no effect on ET-1-induced hypertrophy, hence suggesting that p38 MAPK activation may not be required during cardiac cell hypertrophy [98] . Since these preliminary studies present some limitations (due to the use of the cardiomyocyte model [immature neonatal cells] and the modest speci�city of pharmacological inhibitor, that can inhibit also other intracellular pathways), a genetic approach was also performed. Transgenic mice speci�cally overexpressing MEK 3 and MEK 6 (upstream activators of p38 MAPK) in the heart do not exhibit cardiac hypertrophy, despite the development of ventricular wall thinning and premature death with signs of congestive heart failure [99] .
Taken together, these basic research studies suggest that p38 MAPK, ERKs, and JNKs may all be involved in promoting cardiac hypertrophy (Figure 1 ). In particular, p38 MAPK activation might also contribute to cardiac �brosis, while ERK and JNK activation might promote cardiomyocyte growth and defects in gap junctions, respectively. e activation of a single MAPK-mediated cascade might not be sufficient to determine a clinically relevant adverse cardiac remodeling.
Potential Role of MAPK in
Metabolic Syndrome-Related Cardiac Adverse Remodeling
As suggested above, the alterations in cardiac MAPK activation might be induced in metabolic syndrome by insulin resistance and abnormal in�ammation. e association between these molecular dynamics was so relevant that an altered MAPK activation pattern might also be a potential cause of hyperinsulinemia [100] . is pathophysiological role of MAPK in metabolic syndrome-induced heart remodeling was con�rmed for JNK activation that was associated with both developments of insulin resistance and cardiac hypertrophy in metabolic syndrome [82, 101] . Assessing the role of ERKs in metabolic syndrome cardiac remodeling is much more complicated since ERK2-knockout mice are not viable [102, 103] . On the other hand, ERK1 knockout mice are viable and fertile. us, ERK1-de�cient mice were investigated, and they were shown to be protected from dietinduced obesity and insulin resistance [104] . Nonetheless, mice lacking the ERK1 negative regulator p62 presented altered metabolism with increased adipogenesis, reduced energy expenditure, and reduced insulin sensitivity [105] . However, these animals were not investigated on concomitant cardiac remodeling and might be considered a good model to assess metabolic syndrome adverse heart remodeling. In�ammatory mediators such as TNF are elevated in metabolic syndrome [106] . Condorelli and coworkers showed that Akt and the JNK MAPK mediate TNFinduced hypertrophy in cultured cardiomyocytes [107] . TNF-mediated eccentric cardiac hypertrophy in response to intermittent hypoxia was shown to be mediated by ERK and STAT3 activation in adult rat myocardium [97] . On the other hand, IL-6 levels might also be involved in the determinism of cardiac hypertrophy [22] . Consistent with this hypothesis, Hirota and coworkers demonstrated a concomitant overexpression of both IL-6 and IL-6 receptor in a mouse model of cardiac hypertrophy [108] . Although these observations suggest a potential role for IL-6 in metabolic syndrome, the potential activation of intracellular signaling pathways by this cytokine remains unclear. Cardiotrophin-1 (CT-1), a newly discovered member of the IL-6 family and a key regulator of metabolism were also reported to be upregulated in metabolic syndrome [109, 110] . is cytokine was shown to favor cardiac hypertrophy and �brosis in mice [23] . us, CT-1 might also underlie adverse remodeling in metabolic syndrome and thus represent an attractive pathophysiological target.
Although evidence for the role of p38 MAPK in metabolic syndrome is still lacking (except for some animal studies in diabetic �brotic cardiomyopathy) [111] , enhanced MAPK signaling was shown to increase both insulin sensitivity and promote hypertrophic cardiac remodeling (Table 2) . us, these proteins might represent a promising target to improve metabolic, in�ammatory, and cardiac pathophysiology in metabolic syndrome.
Conclusions
In the past decades, relevant progresses have been made in the attempt to de�ne the role of MAPKs in metabolic syndrome and in its clinical manifestations, including heart adverse pathophysiological remodelling. e heart structure has been described to be directly in�uenced by the mechanical stress, characterizing certain components of the metabolic syndrome (such as hypertension). Importantly, this adverse cardiac remodelling might be partially regulated by elevated hormones and in�ammatory cytokines. MAPKs might represent the �nal pathways commonly activated within cardiomyocytes by both mechanical and soluble determinants. Despite some limitations due to animal and in vitro models, MAPK (mainly JNK and ERK) activation in the peripheral organs (including the heart) in metabolic syndrome was shown to induce insulin resistance and to increase in�ammation. �n the other hand, although the effect of p38 MAPK and JNK phosphorylation remains controversial, mounting evidence indicates ERK1/2 as responsible for promoting cardiomyocyte growth. We believe that MAPKs might be considered as potential therapeutic targets for drugs aimed to improve metabolic and cardiac dysfunctions in metabolic syndrome. Indeed several inhibitors of MAPK signaling proteins are currently available. Some of them are already being tested in clinical trials for oncological disorders and may theoretically �nd application also for the treatment or prevention of heart dysfunction in metabolic syndrome. Alternatively, strategies targeting downstream effectors/transcription factors in these cascades could also be a viable therapeutic option.
